Abstract. It has been proposed that Sudden Infant Death Syndrome (SIDS) might occur as a consequence of a developmental deficit associated with the cardiorespiratory and arousal control centers located within the brainstem. In this study 1,1Ј dioctadecyl-3,3,3Ј,3-tetramethylindocarbocyanine perchlorate (DiI) was used to investigate the trajectories of the glossopharyngeal and vagus nerves which carry essential afferent and efferent fiber tracts associated with cardiac and respiratory control and of the hypoglossal nerve which innervates the tongue, in SIDS (n ϭ 14) and control (n ϭ 7) infants. The postnatal development of the trajectories of these nerves was examined in non-SIDS brains and comparisons were then made with agematched SIDS brains. The mean profile area of hypoglossal and dorsal motor neurons were also assessed. In controls, no major alterations were observed in the trajectories of axon bundles with increasing age (7 wk to 2 yr) in each of the nerves investigated although axon bundles appeared to increase in thickness with age. In SIDS cases (2 wk to 44 wk), the trajectories of the cranial nerves were not different from those seen in age-matched control cases. The mean profile area of hypoglossal and dorsal motor neurons was not significantly different between control and SIDS infants. We conclude that the DiI tracing technique can be used successfully to trace the pathways of cranial nerves in human infant fixed-tissue. Furthermore, if functional differences exist between SIDS and non-SIDS brains in the control of respiration, circulation, or arousal they do not appear to be related to markedly reduced or aberrant projections of the glossopharyngeal, vagus, or hypoglossal nerves.
INTRODUCTION
Sudden Infant Death Syndrome (SIDS) is the leading cause of postnatal infant mortality in developed countries and occurs predominantly between the ages of 2 wk and 8 months, peaking at 2-4 months, with 90% of deaths occurring under 6 months of age (1) . The nature of SIDS deaths suggests a disorder of cardiorespiratory and/or arousal control. Although little is known of the underlying pathophysiology of these deaths, it has been suggested that an abnormality or dysmaturity of the neural control of cardiovascular, respiratory, and arousal function or of airway patency may play a role in rendering these infants more vulnerable early in life (1) . A deficit in these control centers, which are largely located in the brainstem, might result in the infant being unable to arouse when confronted with a cardiac or respiratory challenge such as hypoxia, re-breathing of CO 2 (2), or overheating (3) , which are all risk factors for SIDS.
The nucleus tractus solitarius (NTS) is the main sensory nucleus in the medulla receiving input necessary for the control of the cardiovascular system, respiration, and cardiopulmonary reflex integration (4) (5) (6) (7) . Afferent fibers from arterial (the aortic arch and carotid sinus) and cardiac baroreceptors (the walls of the ventricles and atria) and arterial chemoreceptors (from the aortic and carotid bodies) project to specific regions of the NTS via the glossopharyngeal (IX) and vagus (X) nerves. The hypoglossal (XII) nucleus is important in airway patency and swallowing through its innervation of the intrinsic and extrinsic muscles of the tongue (8) . It has also been implicated in the modulation of respiration, as it is especially important during sleep in maintaining upper airway patency (9) . Although not generally considered to be a respiratory nucleus, populations of neurons in the XII nerve have been shown to discharge during inspiration, expiration, and transitional phases of respiration (10) .
Extensive neuropathological investigations of the central nervous system (CNS) in SIDS infants have failed to elucidate any gross structural alterations. Instead, alterations appear to be of a more subtle nature with the majority being localized in the brainstem. A number of groups have reported the persistence of a high density of dendritic spines in nuclei of SIDS infants compared with controls. Nuclei include the NTS (11, 12) , nucleus ambiguus (11), DMV (12) , and XII (11) . Alterations have also been found in the numerical density of neurons and synapses, and the volume of the XII nucleus in SIDS infants compared with controls (13) (14) (15) (16) , however these finding have not been confirmed by other groups (17) (18) (19) . Studies of the vagus nerve have shown either an increase (20) or a decrease (21) in the number of small myelinated fibers of the vagus nerve in SIDS infants when compared with controls, suggesting abnormalities in vagus nerve maturation that might affect respiratory or cardiovascular control. Taken together these results suggest that there might be an immature development of the brainstem and altered connectivity in SIDS.
In this study we have examined, for the first time, the trajectories and destinations of the IX, X, and XII nerves in the brains of SIDS and non-SIDS infants using the lipophilic carbocyanine fluorescent dye 1,1Ј-dioctadecyl-3,3,3Ј,3-tetramethylindocarbocyanine perchlorate (DiI). DiI diffuses laterally along membranes in fixed tissue and thus provides a means of investigating axon tracts in postmortem human tissue (22) . The main purpose of this study was to assess whether there were any differences between SIDS and non-SIDS brains in the trajectories of IX, X, and XII nerves. In control cases we also report on the development of these cranial nerves over the ages investigated in the study, 7 wk to 24 months.
MATERIALS AND METHODS

DiI Tracing Study
Study Population: Twenty-one brainstems were obtained at autopsy from infants under 2 years of age. Infants whose death remained unexplained following a thorough case investigation, including performance of a complete autopsy, examination of the death scene, and review of clinical history (23) were identified as SIDS infants (n ϭ 14) ( Table 1) . Control tissue specimens (n ϭ 7) were obtained from infants who died suddenly and in whom an autopsy established a cause of death (Table 1 ). All specimens were collected at the Victorian Institute of Forensic Medicine in Melbourne between 1996-1998. These protocols were approved by the Human Ethics Committee of the University of Melbourne, Victoria, Australia. The ages ranged from 7 wk to 2 yr in controls (median 20 wk) and 2 wk to 44 wk in SIDS (median 20 wk). There were no significant differences in the postmortem (PM) interval between the 2 groups (Control 30 Ϯ 4 hours (h), median 24 h; SIDS 39 Ϯ 4 h, median 24 h, p Ͻ 0.42). These PM intervals were governed by procedural protocols adopted by the Victorian Institute of Forensic Medicine (VIFM).
DiI Tracing
At the time of autopsy, a block of tissue including the entire medulla and caudal pons was immediately immersed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) (pH 7.4) for at least 3 months. Small crystals of DiI (Molecular Probes, Eugene, OR) were dissolved in absolute ethanol and carefully applied to the crushed ends of the IX, X, and/or XII nerves with a fine brush and/or fine forceps. To avoid the dye contacting the brainstem, aluminium foil was placed under the impregnated nerve fibers. Figure 1A , B illustrates the site of DiI application. DiI was applied to: the IX nerve in 5 SIDS case (range: 5 wk-40 wk) and 5 control cases (range: 7 wk-2 yr); the X nerve in 10 SIDS cases (range: 2 wk-40 wk) and 7 control cases (range: 7 wk-2 yr); and the XII nerve in 10 SIDS (range: 8 wk-44 wk) and 4 control cases (range: 12 wk-2 yr) ( Table 1) . The tissue was then transferred into fresh 4% PFA and stored in the dark at 37ЊC (to facilitate transport) for a minimum period of 8 months to allow for diffusion of the tracer. A second application of the dye was made 3 to 4 months after the initial application. Preliminary experiments on tissue from 5-month-old infants had shown a) 8 months was the minimum time period necessary for complete tract tracing, and b) that a second application of dye was an advantage in obtaining optimal staining. After this time, tissue was transferred into 20% sucrose in 0.1 M PB (pH 7.4) overnight and serially sectioned at 100 m using a freezing microtome (Leica). Consecutive sections were collected and stained with 0.01% Acridine Orange (Merck), a nuclear stain to assist in the identification of brain regions. Sections were cleared in Conray (meglumine iothalamate, Mallinkrodt Medical, Australia), and mounted sequentially onto 1% gelatinized slides and cover-slipped with a 40% Dextran solution (Sigma, Germany, molecular weight 71.4 kD).
Analysis
Serial Images: DiI-stained sections were examined with a Zeiss Axioscope fluorescence microscope fitted with filters that allowed separate visualization of DiI using a Rhodamine filter and Acridine Orange with an FITC filter. Between 150-200 sections of the medulla and pons were examined for each case. Sections were examined at a magnification of ϫ12.5 and an image was recorded of every third section which contained DiIstained nerves using an Image Point cooled charged coupled device camera (Photometrics, Tuscon, Arizona) and V for Windows imaging software (Digital Optics, Auckland, NZ). With this protocol 20-30 images were recorded for each case. Higher power images were also taken at ϫ50, ϫ100 and ϫ200 in regions of particular interest (e.g. solitary tract and XII neurons) to allow for a more detailed examination of axonal trajectories. Each image was processed using sharpen and filter contrast adjustments, orientated using Adobe Photoshop (version 5.0), and the images compiled for analysis using Corel Draw 7.0 (Corel, Dublin, Ireland). To represent the trajectories diagrammatically, 6 matched levels of the brainstem from caudal to rostral for 12-wk-old control and SIDS brains were traced on a microfiche (magnification ϫ10) and the distribution of the DiI in the X and XII nerves plotted from the Corel Draw images (Fig. 2: control A-F; SIDS G-L).
Qualitative Analysis: The age range of this study was from 7 wk to 2 yr in control cases and 2 wk to 44 wk in SIDS cases (Table 1) , thus allowing for the study of normal developmental changes and also comparison of age-matched tissue between the SIDS and control groups. Postnatal developmental changes were first examined in control tissue to determine the normal developmental profile of the IX, X, and XII nerves in lowpower images (ϫ12.5). Comparisons were then made with agematched SIDS cases to establish whether nerves followed the expected trajectories. Images of sections were captured at higher magnifications (ϫ50, ϫ100, and ϫ200) and examined to determine whether there were any fibers diverging along aberrant pathways or projecting to inappropriate destinations. Comparisons were made between SIDS and non-SIDS brains with respect to the trajectory of the afferent components of the IX and X nerves as they project through the brain parenchyma to the solitary tract and nucleus, the efferent fibers of the X nerve as they emanate from the DMV, and the efferent fibers of the XII nerve as they emanate from the XII nucleus.
Somal Area Analysis
Study Population: Brainstems were collected from a second cohort of SIDS and control infants (Table 2) as described above. Sixteen infants were classified as SIDS cases and 8 as control cases; there were no significant differences in the age at death between the 2 groups (Control: 21 Ϯ 6 weeks, median 22 wk; SIDS: 16 Ϯ 2 wk, median, 16 wk, p ϭ 0.69, Table 2 ), or in the PM interval between the 2 groups (Control: 48 Ϯ 6 h; SIDS: 36 Ϯ 4 h; p ϭ 0.12).
Tissue Preparation: At the time of autopsy, the medulla was removed and immediately placed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) overnight, followed by 24 h immersion-fixation in 1% PFA and 48 h in 20% sucrose in PB. Serial coronal sections (40 m) of the medulla were cut on a freezing microtome and every fifth section collected in PB, mounted, and stained with thionin (0.01%) for structural analysis. The remaining sections were allocated for a parallel study of the immunohistochemistry of SIDS brainstems (24) . In the present study, 5 sections containing the XII nucleus and the DMV were selected per case and sections were magnified at a final magnification of ϫ400 (oil immersion). An automated system (Castgrid v1.10, Olympus, Denmark) was used to randomly sample neurons from each nuclei in each case. Ten neurons with a clear nuclear profile containing a distinct nucleolus were selected per section and the profile areas of the cell body was measured in the plane of focus that contained the nucleolus. Mean profile area was calculated from 50 neurons from the XII nucleus and 50 neurons from the DMV for each control and SIDS case.
Statistical Analysis
All histological sections were coded to prevent experimenter bias during the morphometric analysis. Postnatal changes in these measurements were compared in SIDS cases and controls using linear regression analysis. The statistical significance of direct comparisons between SIDS cases and controls was determined using a Mann Whitney U-test. Results are expressed as mean Ϯ SEM.
RESULTS
DiI Tracing
Technical considerations: The optimum length of time for tracing cranial nerves in postnatal human tissue was greater than 8 months in order to ensure complete staining of the tracts. There was no observable difference in the efficiency or effectiveness of dye tracing with respect to postmortem delay prior to fixation, indeed, in a case with a PM delay of 72 h intensely stained fibers were traced to the NTS and the XII nucleus. The pathways of the cranial nerves were successfully traced over considerable distances: up to 11 mm in the X nerve from the nerve rootlet to the DMV and approximately 15 mm from the nerve rootlet to the XII nucleus.
Trajectories of the IX, X and XII Nerves in Control Infants: DiI-labelled afferent fibers in the IX and X nerves projected in the solitary tract to the NTS (Fig.  1C: control, 12 wk of age) and labeled efferent fibers emanated from the DMV (Fig. 2D: control, 12 wk of age). The trajectories of these nerves were established at 7 wk and did not vary at any of the ages examined (up to 2 yr) (Figs. 1C, 2A-F Fig. 2 . Diagrammatic representation of DiI tracing in the vagus (X) and hypoglossal nerves (XII) compiled from serial images at 6 levels through the medulla of control infants. A: 3 mm below the obex, the most caudal region of the medulla in which DiI was observed tracing in the solitary tract. B: At the level of the obex, DiI is seen in the solitary tract and on the nerve as it enters the brainstem and in the XII nerve and cell bodies in the XII nucleus. C: 3 mm above the obex, DiI is seen intensely tracing the nerve fibers of the vagus nerve projecting to the nucleus tractus solitarius (NTS) and within the solitary tract, and also more intensely in the XII nerve and cell bodies of the XII nucleus. D: 6 mm above the level of the obex, DiI is seen tracing the vagus nerve to the nucleus tractus solitarius and past the nucleus tractus solitarius to the dorsal motor nucleus of the vagus (DMV). Fibers are also seen in the XII nerve but no cell bodies are labelled in the nucleus at this level. E: 9 mm above the obex, nerve fibers are observed tracing the vagus nerve to the solitary tract. F: 12 mm above the obex, the most rostral portion of the medulla at which DiI tracing was observed. Nerve fibers can be seen tracing the vagus nerve trajectory to the solitary tract. The trajectories of the X an XII nerves in SIDS infants were similar to controls (G-L). Calibration bar: 2.3 mm. Abbreviations: 4V, fourth ventricle; 9n, glossopharyngeal nerve; AP, area postrema; Arc, arcuate nucleus; cc, central canal; Ct, conterminal nucleus; Cu, cuneate nucleus; DC, dorsal cochlear nucleus; DMV, dorsal motor nucleus of the vagus; ECu, external cuneate nucleus; EO, epiolivary lateral reticular nucleus; Ge5, gelatinous layer of the caudal spinal trigeminal nucleus; Gr, gracile nucleus; icp, inferior cerebellar peduncle; IOK, inferior olive, cap of Kooy of the medial nucleus; IOM, inferior olivary nucleus, medial; ION, inferior olivary nucleus; MVe, medial vestibular nucleus; MRF, medial reticular formation; NAmb, nucleus ambiguus; NTS, nucleus tractus solitarius; Pr, prepositus nucleus; Pyr, pyramids; R7, retrofacial nucleus; sp5, spinal trigeminal tract; Sp5C, spinal trigeminal nucleus, caudal; SpVe, spinal vestibular nucleus; ts, tractus solitarius; Ve, vestibular nuclei; XII, hypoglossal nucleus; XIIn, hypoglossal nerve.
although the length and width of the tract increased with increasing age. In relation to the XII nerve, the trajectory as revealed by retrograde tracing to the XII nucleus was similar in all ages examined from 7 wk to 2 yr (Figs. 1F, 2B-D: control, 12 wk of age). Less dye was present in the XII nerve than in the IX or X nerves, as it had accumulated in the somata of the XII neurons (Fig. 1F) . Stained cells were seen in the region of the nucleus ambiguus; fibers emanating from this nucleus were usually not strongly stained. * In all of these cases the infant's airway was obstructed by an inanimate object, such as a broken cot. None of the cases include suspected ''overlaying'' of the infant by an adult. 
Trajectories of the IX, X and XII Nerves in SIDS Infants:
The trajectories of the IX, X, and XII nerves (Fig.  2G-L) in the brainstem of SIDS infants appeared similar to those in age-matched controls, with stained fibers projecting to the solitary tract (IX, X) or emanating from the DMV (X) or hypoglossal nuclei (XII); (Figs. 1E, G, 2H-J: SIDS, 12 wk of age). There was no evidence of aberrant fiber projections from any of the cranial nerves examined (IX, X, and XII) in SIDS or control tissue (Fig.  2G-L ). This conclusion was based on examination of the labeled axonal trajectories in the serially reconstructed images and on high power examination of individual sections. Furthermore, nerve fiber bundles appeared to be of a similar thickness in SIDS infants when compared with controls of similar ages.
Somal Area of XII and DMV Neurons
The mean somal areas of XII and DMV neurons are illustrated in Figure 3 
DISCUSSION
The present study has, for the first time, used DiI to successfully trace the pathways of cranial nerves within the brainstem in human infant fixed-tissue. Other groups have applied this technique to fetal or adult tissue to study intrinsic local circuits of the hippocampus (25) (26) (27) (28) (29) and cerebral cortex (27, 30) and anatomical relationships in the arcuate nucleus of the brainstem (31, 32) . In the present study we have demonstrated that the DiI tracing technique is reliable and reproducible in infant brain tracing fiber pathways of up to 15 mm. In this case, axons were traced from the rootlet to the neurons in the XII nucleus. Nerve fibers were found to project directly to, or emanate from the appropriate nuclei in the youngest tissue examined and lengthened with advancing age. This was to be expected as the human brain is only approximately 23% of its adult weight at birth and consequently the majority of brain growth occurs postnatally (33) . In this study, complete tract tracing was observed in infants from 16 d to 2 yr of age with dye being successfully transported anterogradely and retrogradely in the IX and X nerves and retrogradely in the XII nerve. Axonal trajectories did not differ between SIDS cases and controls at any of the ages examined.
It has been suggested that the leaching of DiI from the axon to the myelin sheath is a limitation of the technique for tracing pathways over long distances, (34) but this was not a problem in the present study where the cranial nerves were traced in their entirety, within the brainstem. It should also be noted that we failed to see any evidence of dye leaching into the parenchyma of the medulla along any portion of the nerves. In the present study DiI only labelled cranial nerves onto which crystals of dye had been placed. There was no nonspecific labelling of cranial nerves (regardless of the position of the crystal) such as has been reported in mid-gestation human fetal brainstem (31) .
Analysis of somal areas of XII neurons in a separate cohort of SIDS and control cases revealed no significant differences between SIDS or control cases. We also found no significant increase in somal area with increasing postnatal age for XII neurons in either SIDS or control cases. These results differ from previous stereological assessment of the XII nucleus where somal areas were found to increase (13) and decrease (17) in SIDS infants compared with controls. With respect to the DMV we have also found no significant difference in somal area between control and SIDS cases. However, somal areas increased with increasing postnatal age in control but not SIDS cases. These alterations reflect a reduced growth rate of DMV neurons postnatally in SIDS infants that could be associated with a lack of growth and dendritic arborisation of these neurons as suggested by Konrat et al (17) .
Thus, we have demonstrated that the carbolipoprotein DiI can be used to trace the trajectories of specific cranial nerves in human neonatal fixed-tissue. There appears to be no difference in the trajectories of the IX, X, or XII nerves in SIDS infants compared with controls across the age ranges of a few weeks to about 1 yr. If there are functional differences in SIDS brains compared with controls they are more likely to relate to subtle alterations in connectivity or neurotransmission than to abnormalities in the projections of these nerves within the brainstem.
